Most studies on endogenous bacterial metabolism have been concerned with aerobic organisms which show substantial oxygen consumption and endogenous substrate utilization (for review, see Dawes and Ribbons, 1962) . Very little work has been done on anaerobic and facultative organisms, presumably because the endogenous metabolism of these organisms is by and large not so obvious. However, in the case of Streptococcus faecalis, microbial calorimetry showed a heat production indicative of a fairly substantial endogenous metabolism (Forrest, Walker, and Hopgood, 1961; Forrest and Walker, 1963) .
enous sources of energy protected against loss of glycolytic activity, arsenate, hydroxylamine, or replacement of phosphate by other buffers accelerated loss of glycolytic activity. Restoration of glycolytic activity in aged cells could be achieved by incubation with amino acids plus an energy source, with concurrent synthesis of protein but no apparent growth. Ammonium ion was not effective in protecting or restoring glycolytic activity. The nature of changes which took place during endogenous metabolism are discussed.
Most studies on endogenous bacterial metabolism have been concerned with aerobic organisms which show substantial oxygen consumption and endogenous substrate utilization (for review, see Dawes and Ribbons, 1962) . Very little work has been done on anaerobic and facultative organisms, presumably because the endogenous metabolism of these organisms is by and large not so obvious. However, in the case of Streptococcus faecalis, microbial calorimetry showed a heat production indicative of a fairly substantial endogenous metabolism (Forrest, Walker, and Hopgood, 1961; Forrest and Walker, 1963) .
Factors influencing endogenous heat production were reported (Forrest and Walker, 1963) Growth of the organism. A 10-ml portion of an 18-hr culture was used to inoculate 300 ml of medium containing 2% glucose, 2% dried peptone (Difco), 2% yeast extract (Difco) , and 2% sodium citrate-H20.
Preparation of washed suspensions. Cells were harvested after 18 hr, and were washed twice in 0.1 M potassium phosphate buffer (pH 6.0) which had been previously degassed for 10 min at a water pump. The cell paste obtained was then suspended in a total volume of about 5 ml of the same buffer. This suspension contained 40 to 50 mg (dry weight) of cells per ml, and was suitably diluted for use in the experiments.
Dry-weight determinations. The optical density of the cell suspension was measured at 650 m,u, and the dry weight was calculated by reference to a standard curve.
Ammonia. Alkaline samples were steam-distilled in the apparatus of Markham (1942) , and ammonia was trapped in the boric acid reagent of Conway and O'Malley (1942) . Hydrochloric acid was used for the final titration.
Total carbon. The macromethod of Halliwell (1960) was used to determine total carbon. Amino acid. Total amino acid was determined by the ninhydrin method of Moore and Stein (1948) , with glycine as the standard.
Nucleic acid decomposition products. Estimations were made spectrophotometrically, with a wavelength of 260 my.
Carbohydrate. The anthrone method as described by Trevelyan and Harrison (1952) was used to measure carbohydrate.
Glycolytic activity. Samples of reaction mixture containing 2 to 5 mg (dry weight) of cells were centrifuged, and the cells were resuspended in 1 ml of 0.025 M sodium bicarbonate. A 0.5-ml portion of this suspension was added to the side arm of a conventional Warburg vessel which contained 1.9 ml of 0.025 M NaHCO3 (saturated with nitrogen and 20% carbon dioxide) and 0.1 ml of 0.1 M glucose in the main compartment. The gas phase was N2-20% C02, and glycolytic activity was assayed at 37 C by following the release of CO2 .
Chemicals. All chemicals used were of the best quality available (usually analytical reagent grade). Sodium acetate-2-C'4 was obtained from the Radiochemical Centre, Amersham, England. Crystalline sodium pyruvate was prepared by the method of Robertson (1942) . Vitamin Free Casamino Acids were obtained from Difco.
RESULTS
Release of cell materials. Cell suspensions in 0.1 M phosphate buffer (pH 6.0) were sampled periodically during prolonged incubation under N2 at 37 C. After removal of the cells by centrifugation, the suspending buffer was analyzed for total carbon, carbohydrate, amino acid, ammonia, and material absorbing at 260 m,u. To assess the soluble intracellular level of these compounds, the cells were washed twice in distilled water, resuspended in water, and heated in a boiling-water bath for 10 min. The supernatant fluids obtained after cooling and centrifugation were then assayed.
Estimations of the release of total carbon showed that there was a sharp break in the curve after a few hours. A very similar curve was obtained for the production of amino acid ( Fig. 1 (Forrest and Walker, 1963) .
Ammonia was not produced in a measurable quantity under anaerobic conditions.
Material absorbing at 260 m,u was excreted into the suspending buffer in a linear fashion, but, with the molar-extinction coefficient for ribonucleic acid given by Wade and Morgan (1957) , this corresponded to only about 30 ,umoles/g (dry weight) per 48 hr.
To study changes in lipid during endogenous metabolism, cells were grown in the presence of sodium acetate-2-C14. Under these circumstances, some 10% of the added radiocarbon was incorporated into the cells. The bulk of the label could be recovered by extracting the cells with petroleum ether; none was found in the trichloroacetic acid-soluble fraction. Cells labeled in this manner did not release C14 into the supernatant fluid over a period of 24 hr.
Glycolytic activity. The activity of the complex of enzymes responsible for conversion of glucose to lactic acid was chosen as a parameter by which to indicate the degree of organization of the cells. During the aging process, glycolytic activity remained fairly constant for several hours, and then fell over periods of up to 48 hr ( Fig. 2 ; amino acid production is used for comparison). As in other biological systems, a pronounced dilution effect was demonstrated; the rate of loss of glyco- of the same pH resulted in a steady fall in glyco-0, A, and X indicate arsenate-phosphate ratios of lytic activity, which was not preceded by a period 1:2, 1:1, and 2:1, respectively. Note the stimulating of constant activity (Fig. 3) . effect of traces of arsenate remaining after washing.
hydroxylamine caused glycolytic activity to fall to 21% of the initial activity in 4 hr, whereas the uninhibited control suspension retained 87% of its initial activity. However, with the method of Lipmann and Tuttle (1945) 
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* All additions were 1 ml; total volume was 7 ml in all cases; incubated at 37 C for 2 hr; cell density was 0.35 mg/ml. stage to avoid any specific inductive effect of this molecule.
Reactivation of glycolytic activity. The second approach to the energetic requirement for maintenance was an attempt to rejuvenate the glycolytic activity of aged cells. Indications that exogenous energy sources increased somewhat, as well as maintained, glycolytic activity (Fig. 5) led to the incubation of cells aged for 24 hr in phosphate (and having only 7% of the initial glycolytic activity) with glucose, ribose, arginine, and pyruvate as energy sources, and with Casamino Acids as a supplementary nitrogen source. Glucose, arginine, and pyruvate, together with Casamino Acids, were all effective in restoring glycolytic activity (Table 1) incubated with glucose plus Casamino Acids for 4 hr. Initial and final estimates of cell dry matter, by turbidity measurements at 650 m,u, showed no measurable increase in cell material.
Protein synthesis during restoralion of glycolytic activity. A cell suspension aged in phosphate for 24 hr, and having lost 76 % of its initial glycolytic activity, was incubated with glucose and amino acids. Samples were taken over 3 hr for determination of glycolytic activity. Further samples were heated in a boiling-water bath for 10 min, and total amino acid was determined on the supernatant fluids. Amino acid disappeared from solution in quantities roughly proportional to the increase in glycolytic activity (Fig. 6) . No increase in glycolytic activity was observed in the absence of glucose, and amino acid was not taken up from the solution.
DISCUSSION
Under the anaerobic conditions used in this work, it is evident that the major endogenous substrate for S. faecalis, grown in peptone in presence of excess glucose, is material containing amino acid. Assuming an average molecular weight of 100 for amino acids, and an average of four carbon atoms per molecule, the amino acid carbon liberated during the aging process is about 24 mg/g (dry weight) of cells. Direct measurements of total carbon liberated gives a value of approximately 27 mg/g (dry weight) of cells. The close agreement suggests that no other major organic endogenous substrate is involved. This conclusion is supported by the finding that direct measurements show no lipid, and that very little carbohydrate or nucleic acid is released in soluble form. Gronlund and Campbell (1961) reported that the same strain of S. faecalis produces ammonia and utilizes oxygen under aerobic conditions. In experiments reported elsewhere (Forrest and Walker, 1963) , this strain did not utilize oxygen to an extent similar to that reported by Gronlund and Campbell. This may well illustrate the differences which may arise when different growth conditions are used.
Replacing phosphate by citrate buffer of the same pH resulted in the abolition of the period of constant glycolytic activity in aging cells. This, together with a similar but very much greater effect of arsenate evidently acting as a competitor towards phosphate, suggests that maintenance 260 J. BACTERIOL.
on January 11, 2018 by guest http://jb.asm.org/ Downloaded from of glycolytic activity is dependent upon a supply of phosphate. This in turn leads to the reasonable hypothesis that energy-linked reactions are necessary for maintaining cell organization at a high level. Further evidence in favor of this hypothesis accrues from the finding that exogenous arginine and citrulline, which provide adenosine triophosphate when catabolized by S. faecalis (Knivett, 1954) , maintain glycolytic activity at a high level. The finding that ammonium ion exerts no protective or restorative effect seems to conflict with the results of Zarlengo and Abrams (1963) , who observed that ammonium ion did, in fact, restore glycolytic activity to their "aged" suspensions of S. faecalis. However, the latter workers had stored their concentrated suspensions at about pH 5 in the cold, and it seems that the effect observed by them was, in fact, due to restoration of the internal pH of the cell to a level at which the glycolytic enzyme complex was more active.
Failure to observe protection of glycolytic activity by carbamyl phosphate may be due to its lack of penetration of the cell, although this was not investigated.
Experiments on the restoration of glycolytic activity to aged cells were most illuminating. The fact that an energy source, plus amino acids, is necessary for maximal effect lends further weight to the above hypothesis that energy supplied by endogenous metabolism is utilized to maintain cellular organization. The ability of glucose, plus amino acids, to reverse the dramatic fall in glycolytic activity induced by arsenate further indicates that arsenate is responsible for rapid disruption of the internal organization of the cell. Concurrent with restoration of glycolytic activity, amino acid is incorporated into cell material, presumably protein, which is insoluble in hot water. This means that, although some of the protein components of the cell are degraded or disorganized, the entities responsible for protein synthesis (nucleic acids and amino acid-activating mechanisms) are still relatively intact. This agrees with the finding that relatively little material absorbing at 260 m,u is released during the aging process. Speculation regarding these findings leads us to consider the possibility that, during the aging process, the cell reduces the activities of its various components in a preferred order. Slim, but positive, evidence to support such a view is the finding that glucose-grown cells surrender ribolytic activity before glycolytic activity, when aged under our conditions. It would be of interest to compare these activities in ribosegrown cells.
Quantitative measurement of amino acid uptake during the restoration of cells to 70% of their initial glycolytic activity gives a value of about 66 mg of amino acid per g of cells. With the assumptions made previously, this corresponds to about 32 mg of amino acid carbon per g of cells, and is fairly close to the value of 24 mg/g for amino acid carbon liberated during the loss of 80% of the initial activity. It seems, therefore, that the protein content of the cell may be restored to about its initial level after 24 hr of aging, although, with the exception of the glycolytic enzymes, there is thus far no information to substantiate the view that the proteins are the same as those present in freshly harvested cells.
Patterns of amino acid, total carbon, and heat (Forrest and Walker, 1963) production show that the virtual cessation of release of these metabolites occurs before glycolytic activity begins to fall. Together with the other evidence presented, it indicates that energy from the degradation of amino acid-containing material is responsible for maintenance of cellular organization. This, then, poses the question as to how the cell obtains utilizable energy from such a process. Proteolysis is normally hydrolytic cleavage which does not give rise to high-energy compounds and calorimetric measurements (Forrest and Walker, 1963) indicate that the hydrolysis of peptide bonds produces insufficient heat to account for the observed heat production, so that additional reactions must occur. Because little or no ammonia is produced under the anaerobic conditions used, fermentation of amino acids is precluded. One possible explanation is that some part of the nucleic acid is in combination with amino acid in cells grown under our conditions. This combined amino acid could then form a reserve upon which the cell draws for protein turnover 
